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Summary Background: Polylactic acid polymer interference screws are commonly used in
anterior cruciate ligament (ACL) reconstructions, especially in proximal tibia fixation. Howev-
er, several concerns have been raised, including the acid products during its degradation in
vivo. In recent years, biodegradable magnesium (Mg)-based implants have become attractive
because of their favourable mechanical properties, which are more similar to those of natural
bone when compared with other degradable materials, such as polymers, apart from their
alkaline nature during degradation.
Methods: We developed a pure Mg interference screw for ACL reconstruction. In the present
study, 24 fresh cadaver knees were used to compare the mechanical properties of pure Mg
interference screws and polylactic acid polymer interference screws for ACL reconstruction
via their application on the proximal tibia tested using specific robotics.
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Results: Results showed that the pure Mg interference screw group showed similar mechanical
stability to the polylactic acid polymer interference screw group, implying comparable postop-
erative fixation effects.
Conclusion: As there are no commercially available Mg-based interference screws for ACL
reconstruction clinically and the in vivo degradation of pure Mg promotes bone formation,
our cadaveric study supports its clinical tests for ACL reconstruction.
ª 2016 The Authors. Published by Elsevier (Singapore) Pte Ltd on behalf of Chinese Speaking
Orthopaedic Society. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Anterior cruciate ligament (ACL) rupture is one of the most
common injuries, which may result in many secondary in-
juries around knee joints. ACL reconstruction, with a suc-
cess rate >90% [1], has been the most effective way to
treat ACL rupture. The optimal initial graft fixation and the
properties of materials are very important in ACL recon-
struction. Several years ago, permanent metal interference
screws, which provided strong initial fixation, were used in
ACL reconstruction [2]. However, the rigid metal interfer-
ence screws showed several disadvantages, such as the risk
of graft damage and accordingly fragility in reconstructions
[3], interference with imaging modalities (e.g., magnetic
resonance imaging), and requiring an undesirable second
operation for implant removal [1]. The interference screws
made of permanent metal(s) also increased difficulty in ACL
revision [4].

To overcome these limitations of metal screws, biocom-
patible and biodegradable polylactic acid polymer interfer-
ence screws were developed for popular ACL reconstruction
that provided strong initial fixation and minimal graft dam-
age [5]. A meta-analysis also indicated that there were no
clinical difference between the metal interference screws
and the polylactic acid polymer interference screws [6]. For
regeneration of the soft tissueebone interface in ACL
reconstruction, biodegradable polymer interference screws
have become a popular choice as they can be engineered to
possess multiphasic properties. However, polymer materials
may also have limitations. When poly-L-lactic acid interfer-
ence screws were used for graft fixation during ACL recon-
struction, the devices were reported to be mechanically
weaker than metallic devices and often fractured during
implantation [7]. Furthermore, according to Johnston et al’s
[8] study, the interference screws were slowly absorbed
over time; 4 years after ACL reconstruction, only 80e90% of
screws were completely absorbed. At 5 years follow-up, 29%
of patients showed complete ossification of the screw tract
in the femur versus 34% in the tibia [8]. Another study also
showed poor result that even no bony replacement has
taken place up to 24 months postoperatively, and at the
same time, after degradation, the bone did not regenerate
and the tunnel left was not filled [9]. A long-term follow-up
clinical study showed that as the polymer mass reduced, it
was replaced by a relatively avascular fibrous tissue con-
taining macrophages, and having an occasional multinucle-
ated giant cell on the implant surface as polymer
degradation created an acid local environment [10]. Despite
being satisfactory clinically, it would not be an ideal implant
material for ACL reconstruction.
In recent years, degradable metals, such as magnesium
(Mg) and its alloys, have been intensively investigated
preclinically [11,12], and clinical trials were also con-
ducted to study their potential orthopaedic applications
[1,13,14], as they possess desirable mechanical properties,
good biocompatibility, and biodegradability [15,16]. The
lower moduli compared with permanent metals such as
titanium-based materials make the mechanical properties
of pure Mg or its alloys closer to those of the cortical bone,
which could reduce the level of stress shielding effects
during fracture fixation [17]. At the same time, the Mg-
based implants developed good mechanical properties;
the ultimate loads of the graft were comparable to those
when using titanium interference screws on a goat
model and supported the use of Mg-based interference
screws for fixation of the replacement graft in ACL recon-
struction [18].

The history of biodegradable Mg-based implants in or-
thopaedics goes back to the first half of the 20th century. It
was Payr who first introduced the use of Mg for joint
arthroplasty, fracture fixation with Mg wire, and intra-
medullary rods [19]. Recently, investigators have reached a
consensus that the degradation of Mg in vivo promoted soft
tissue repair and new bone formation while being gradually
and completely absorbed over time [20].

Magnesium is biodegradable and its degradation prod-
ucts include Mg ions, alkaline environment, and hydrogen
[20]. In recent years, biodegradable Mg-based implants
developed for orthopaedic applications have become
increasingly attractive as magnesium’s initial mechanical
properties (e.g., Young’s elastic modulus) are similar to
those of natural bone, with higher stability and Young’s
modulus compared to other degradable materials such as
polymers [21]. There are extensive clinical studies to
support its in vivo applications [22,23]. To date, there have
been three clinical trial studies reported in Germany for its
indications [1], in Korea for its applications [13], and most
recently in China for its application in fixing bony flap in
femoral head osteonecrosis [14] based on relevant pre-
clinical experimental models. ACL reconstruction is a
clinical routine and has considerable potential for indica-
tion of Mg-based interference screws [24,25]. Accordingly,
a few preclinical studies have been conducted on Mg-based
interference screws to test their in vivo potential using
animal models such as rabbits [26,27]. We have developed
pure Mg interference screw for human application. How-
ever, even prior to clinical applications, cadaveric study is
essential to confirm its mechanical properties after ACL
reconstruction surgery. Accordingly, the aim of the study
was to compare the mechanical properties of our pure Mg
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interference screws and clinically used polylactic acid
polymer interference screws in the proximal tibia fixation
immediately after ACL reconstruction. As the screw design
(diameter, 8 mm; length, 30 mm) and tensile strength (Mg
screw � 150 MPa vs. polymer screw 169 MPa [18]) of both
Mg screws and polymer screws are similar, we hypothesised
that there would be no significant differences in knee
stability after ACL reconstruction as compared between
the two kinds of screws.

Materials and methods

Specimen preparation

In the study, 24 fresh human cadaveric knees with
15e25 cm proximal and distal to the knee joint were
dissected without removal of surrounding soft tissues. All
belonged to male individuals whose mean age was 38.5
years (range, 23e54 years). X-ray (Siemens Luminos Select,
Siemens, Germany) and magnetic resonance imaging (Phi-
lips Intera Achieva 1.5 T, Philips, Holland) were used for
scanning the entire knee joints to ensure the absence of
osseous and soft tissue abnormalities (such as meniscus,
ACL, Posterior cruciate ligament (PCL), Medial collateral
ligament (MCL), Lateral collateral ligament (LCL), Medial
patella femoral ligament (MPFL)), deformities, or osteo-
arthritis. The distal tibia and the proximal femur were fixed
to the embedding cassette using the polymethyl methac-
rylate bone cement. To prevent affecting the movement of
the knee, the femoral and tibial embedding cassettes were
mounted to the mechanical testing robot TX90 (TX90 Bio-
nix; Stäubli Company, Stäubli, Switzerland) using a custom-
made clamp. The knee specimens were randomly divided
into four groups with six specimens per group, including
three ACL reconstruction groups (Group B, ACL-deficient;
Group C, grafts of the tibial end were fixed with the pure
Mg interference screws; Group D, grafts of the tibial end
were fixed with polylactic acid polymer interference
screws) and one control group (Group A). At the same time,
36 hamstring tendons were obtained from the same limbs
for ACL reconstruction. The hamstring grafts were pre-
pared as the traditional single-bundle technique [28]. Two
ends of the graft were woven separately for about 3.5 cm
with a diameter of 8 mm and a length of 8.5 cm, and the
grafts were left to defrost in isotonic saline (0.9% NaCl
solution) for 1 hour prior to the test (Figure 1). A tensile
load of 70 N was applied to the graft for 15 minutes (using a
specific device, ACL distractor; Stryker Corporation, USA)
as an initial graft tension. The specimen preparation pro-
tocol had been approved by the ethics committee of
Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University,
Guangzhou, China.

Tunnel preparation

The tunnel was prepared according to the traditional
single-bundle technique in Groups B, C, and D, following a
published protocol [28]. Using a 55� tibial drill guide, a
trained surgeon advanced a guide wire into the centre of
the tibial footprint, and an 8-mm tibial tunnel was drilled
over the guide wire. On the femoral tunnel side, a tunnel
(with an 8-mm diameter) was drilled in the lateral wall of
the intercondylar notch, leaving a 2-mm posterior wall
within the footprint.

ACL reconstruction

ACL reconstruction was not performed in Group B. In the
two remaining groups, the graft was passed through the
tibial and femoral tunnels, and the femoral tunnel was
fixed with absorbable biointerference screw under tension
with the knee at 120� of flexion.

In Group C, the grafts of the tibial end were fixed with
the pure Mg interference screws that had the same design
as the commercially available polylactic acid polymer
interference screws from Smith & Nephew, USA, with a
diameter of 8 mm and a length of 30 mm for comparison
(Figure 2A).

In Group D, the grafts of the tibial end were fixed with
the polylactic acid polymer interference screws from Smith
& Nephew (diameter, 8 mm; length, 30 mm; Figure 2B).

Biomechanical testing

All testing was done using a mechanical testing robot TX90
(TX90 Bionix; Staubil Company; Figure 3) and compared
among the four groups.

The femur and the tibia fixed to the embedding cassette
with the polymethyl methacrylate bone cement were
mounted onto the tensile tester of the machine. The load
consisted of cyclic anterior tibial loads (ATLs) ranging from
0 N to 150 N with a testing speed of 10 N/s at full extension
and 15�, 30�, 60�, and 90� of knee flexion. The anterior
tibial translation (ATT) during the ATL was measured at
above the specified knee flexion angles, respectively.

Statistics

Statistical analysis was conducted using the SPSS 21 soft-
ware package (SPSS Headquarters, Chicago, IL, USA). In all
groups, nonparametric distribution of the data was found
(KolmogoroweSmirnow test). One-way analysis of variance
and the ManneWhitney U Wilcoxon rank-sum test were
used to determine the differences in each parameter
among the four groups. Statistical significance was set at
p < 0.05 (a Z 0.05).
Results

ATT at full extension

The results of ATT are summarised in Table 1. Under the
150-N ATL, the ATT of the intact knee was 5.45 � 0.39 mm
at full extension. After the ACL was cut, the translations
increased significantly at full extension (8.93 � 0.71;
p < 0.05). For the pure Mg interference screw group, the
ATT was 6.29 � 0.599 mm. For the polylactic acid polymer
interference screw group, the ATT was 5.48 � 0.619 mm at
full extension. These values showed no statistical signifi-
cance among Groups A, C, and D (p > 0.05; Figure 4).



Figure 1 (A) The hamstring tendon was surgically obtained from the same limbs. (B) Two ends of the graft were woven separately
for about 3.5 cm with a diameter of 8 mm and a length of 8.5 cm. (C) The graft was then prepared for ACL reconstruction.

Figure 2 (A) Pure magnesium interference screw. (B) Commercially available polylactic acid polymer interference screws from
Smith & Nephew, with a diameter of 8 mm and length of 30 mm. The screws have a similar tensile strength: Mg screw, �150 MPa;
polymer screw, 169 MPa.
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ATT at 15� flexion

The results of ATT are provided in Table 1. Under the 150-N
ATL, the ATT of the intact knee was 5.63 � 0.50 mm at 15�

flexion. After the ACL was cut, these translations increased
significantly at 15� flexion angles (12.26 � 0.84; p < 0.05).
For the pure magnesium interference screw group, the ATT
was 5.82 � 0.29 mm. For the polylactic acid polymer
interference screw group, the ATT was 5.78 � 0.41 mm at
15� flexion. These values showed no statistical significance
among Groups A, C, and D (p > 0.05; Figure 4).
ATT at 30� flexion

The results of ATT are provided in Table 1. Under the 150-N
ATL, the ATT of the intact knee was 5.77 � 0.62 mm at 30�

flexion. After the ACL was cut, these translations increased
significantly at 30� flexion (12.04 � 0.94; p < 0.05). For the
pure magnesium interference screw group, the ATT was
5.95 � 0.40 mm. For the polylactic acid polymer interfer-
ence screw group, the ATT was 5.84 � 0.50 mm at 30�

flexion. These values showed no statistical significance
among Groups A, C, and D (p > 0.05; Figure 4).



Figure 3 The mechanical testing device TX90 (TX90 Bionix;
Staubil Company).
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ATT at 60� flexion

The results of ATT are provided in Table 1. Under the 150-N
ATL, the ATT of the intact knee was 5.53 � 0.41 mm at 60�

flexion. After the ACL was cut, these translations increased
significantly at 60� flexion (11.47 � 0.83; p < 0.05). For the
Table 1 Anterior tibial translation at different knee flexion an

Group N Knee
flexion
angle

Mean Standard
deviation

Stan
erro

A 6 15� 5.63 0.5 0.2
30� 5.63 0.5 0.2
60� 5.53 0.41 0.17
90� 5.45 0.39 0.16
Full
flexion

5.45 0.39 0.16

B 6 15� 12.26 0.84 0.34
30� 12.04 0.94 0.38
60� 11.47 0.83 0.34
90� 11.47 0.83 0.34
Full
flexion

8.93 0.71 0.29

C 6 15� 5.82 0.29 0.12
30� 5.95 0.4 0.16
60� 5.8 0.55 0.22
90� 5.46 0.36 0.15
Full
flexion

6.29 0.59 0.24

D 6 15� 5.78 0.41 0.17
30� 5.84 0.5 0.21
60� 5.76 0.4 0.16
90� 5.49 0.43 0.18
Full
flexion

5.48 0.61 0.25

Group A Z intact ACL; Group B Z ACL-deficient; Group C Z pure m
polymer interference screw group.
pure magnesium interference screw group, the ATT was
5.80 � 0.55 mm. For the polylactic acid polymer interfer-
ence screw group, the ATT was 5.76 � 0.40 mm at 60�

flexion. These values showed no statistical significance
among Groups A, C, and D (p > 0.05; Figure 4).

ATT at 90� flexion

The results of ATT are provided in Table 1. Under the 150-
N ATL, the ATT of the intact knee was 5.53 � 0.41 mm at
90� flexion. After the ACL was cut, these translations
increased significantly at 90� flexion (11.47 � 0.83;
p < 0.05). For the pure magnesium interference screw
group, the ATT was 5.80 � 0.55 mm. For the polylactic
acid polymer interference screw group, the ATT was
5.76 � 0.40 mm at 60� flexion. These values showed no
statistical significance among Groups A, C, and D
(p > 0.05; Figure 4).
Discussion

In this cadaveric study, we compared the stability of the
hamstring tendon ACL reconstruction at the tibia fixation
site using either our pure Mg interference screws or the
polymer interference screw. The robot-based mechanical
gle.

dard
r

95% Confidence
interval
for mean

Minimum Maximum

Lower
bound

Upper
bound

5.1 6.16 4.68 6.17
5.1 6.16 4.68 6.17
5.1 5.95 4.98 6.12
5.05 5.86 4.91 6.03
5.03 5.86 4.82 5.87

11.38 13.14 10.97 13.22
11.05 13.02 10.91 13.22
10.6 12.34 10.23 12.58
10.6 12.34 10.23 12.58
8.18 9.68 8.19 9.98

5.51 6.13 5.37 6.12
5.53 6.38 5.41 6.51
5.21 6.36 5.29 6.79
5.07 5.84 4.98 6.02
5.67 6.92 5.62 7.13

5.35 6.21 5.33 6.56
5.31 6.37 5.02 6.58
5.34 6.18 5.25 6.26
5.04 5.94 5.08 6.29
4.84 6.11 4.75 6.53

agnesium interference screw group; Group D Z polylactic acid



Figure 4 Comparison of anterior tibial translation of each group in different knee angles. These values showed no statistical
significance among Groups A, C, and D (p > 0.05). However, there was statistical significance among Groups A, B, C, and D
(* p < 0.05). Group A, intact ACL; Group B, ACL-deficient; Group C, pure magnesium interference screw group; Group D, polylactic
acid polymer interference screw group.
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testing data showed that the pure Mg interference screw
group had a similar mechanical stability to the polylactic
acid polymer interference screw group in terms of ante-
rioreposterior translation of the knee joint of the intact
knee, after their application in the proximal tibia fixation
of the ACL reconstruction.

Because of the Mg effect on promotion of healing and
remodelling of the regenerated hard and soft tissue, the
Mg-based interference screws were developed in the pre-
sent study for a relevant clinical indication for ACL recon-
struction. As Mg has been shown to promote bone
regeneration in many preclinical and clinical studies
[1,11e14], the use of the interference screws may have
potential benefits in healing of the graft in the bone tunnel,
as reported in recent animal experimental studies [26].

The current study adopted the testing protocols re-
ported by Farraro et al [29]. In their study, a 67-N ATL was
applied to the goat stifle joint at 30�, 60�, and 90� of joint
flexion in three states: intact, ACL-deficient, and recon-
structed. According to a study, in the intact state, the ATT
ranged between 1.8 mm and 2.5 mm at three flexion an-
gles. In the ACL-deficient state, the ATT was between
12.4 mm and 15.8 mm, whereas in the Mg ring repair state,
the ATT ranged between 4.3 mm and 5.0 mm at three
flexion angles. Other studies [18,27], which also showed
very similar results, supported the use of Mg-based inter-
ference screw for fixation of the autograft in ACL recon-
struction. All of those studies, however, were animal
studies (e.g., quadrupedal goat or rabbit), and the knee
joint anatomy and range of motion are obviously different
from those of bipedal human beings. In our study, fresh
human cadaveric knees were used for surgical reconstruc-
tion and testing with preservation of all soft tissues around
the knee joint. The intact fresh human cadaveric knees
with all the soft tissues preserved for testing can mimic the
clinical situation, and the data obtained can be regarded as
very essential references or basis together with preclinical
biological studies for starting clinical trials. The ATL of
150 N was applied at full extension and at 15�, 30�, 60�, and
90� of knee flexion. For the setting of the maximum load,
readers should refer to the study of Christel et al [30]. Our
results in the intact state showed that the ATT ranged be-
tween 5.45 and 5.77 mm at three flexion angles. In the ACL-
deficient state, the ATT was between 8.93 and 12.43 mm,
whereas in the reconstruction states with the pure Mg
screws and the polylactic acid polymer interference
screws, the ATT was back to 5e6 mm. Moreover, the Mg
interference screw group demonstrated a similar mechan-
ical stability as compared with that of the intact knee or
the clinically approved and also widely used polylactic acid
polymer interference screw group.

Our study had several limitations. First, we did not test
the reconstructed knee to failure, i.e., without providing
ultimate load, because the maximum load of the TX90 de-
vice (TX90 Bionix; Staubil Company) used in the study was
150 N. However, the pull-out strength test is very impor-
tant; when we were testing the new biodegradable screws
for ACL reconstruction, we would test the pull-out strength
along with the degradation rate in the following study.
Second, the Mg-based interference screw has no opening at
the screw head as compared with clinically used ones, and
this increased the difficulty of screw insertion. We need to
further improve or modify the design of the Mg-based
interference screws to address this issue.

In conclusion, the present study investigated an inno-
vative biodegradable metal as an orthopaedic implant,
i.e., pure Mg interference screws for fixation of hamstring
autograft in ACL reconstruction. Our unique knee biome-
chanical testing demonstrated enough initial mechanical
properties in the proximal tibia fixation of ACL recon-
struction compared with the currently and clinically used
polylactic acid polymer interference screw, implying its
effects in achieving immediate postoperative outcome.
Long-term stability, degradation rate, and safety of Mg-
based interference screws will be further discussed in
future studies. In addition, the design of Mg screws will
be modified to satisfy the clinical requirements in our
next step.
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